The fabrication and measured performance of a self-assembled microwave inductor, created using a novel screen-printing technology, is reported for the first time. Real surface micromachining is performed using screen printing, by introducing a unique sacrificial layer. The self-assembled inductor demonstrated a significantly increased unloaded Q-factor and first self-resonant frequency.
Introduction: With traditional radio frequency (RF) circuits, planar inductors lie on their host substrate and, as a result, suffer from the unwanted effects of low unloaded Q-factors and low first self-resonant frequencies. The former restricts the use of these inductors to poor selectivity and lossy applications, while the latter presents a limitation on the useful bandwidth of operation. This combined degradation in performance is particularly problematic when the substrate has a high loss tangent and dielectric constant, respectively. As a way of limiting these problems, either surface or bulk micromachining can be employed to spatially separate the current carrying inductor from the substrate [1] . Self-assembly is one method among a number of solutions. Examples of self-assembled inductors on lossy silicon substrates, fabricated using surface micromachining with conventional microfabrication processing, have been reported that exploit surface tension within solder hinges [2, 3] .
Traditional screen printing methods have long been used for the manufacture of low-cost planar RF circuits. In recent years, 3-D structures normally associated with thin-film microfabrication processing have been realised by thick-film screen printing. This offers considerable benefits, including higher package densities, being able to fabricate over larger areas and lower costs. For example, a miniature high performance 60 to 80 GHz dielectric-filled metal-pipe rectangular waveguide was demonstrated using screen printing [4] .
Screen printing technology has already been applied to conventional microfabrication for non-RF microelectromechanical systems (MEMS) applications, e.g. the printing of piezoelectric material onto a silicon membrane [5] . In contrast, an RF MEMS fabrication technology gap has been recently identified that can be filled by applying conventional microfabrication technology to screen printing [6] . To this end, an entirely new fabrication concept emerges. This Micromachined Screen Printing (MaSPrint) technology [6] offers the potential for substantial reductions to the cost of manufacturing micromachined and MEMS components. Also, it makes such technologies accessible to small manufacturing companies that do not have their own, prohibitively expensive, clean room facilities. This Letter describes the fabrication and measured performance of the first RF micromachined component to be realised using MaSPrint technology.
Fabrication of inductors:
The RF performance benefit that MaSPrint technology offers can be demonstrated by a comparison of simple inductors; planar and self-assembled. During patterning, the selfassembled inductors are identical to the planar inductors. The difference is that a sacrificial layer is included. Moreover, built-in tensile stress is exploited to pull the conducting structure away from the substrate, thus making it curl upwards.
One of the key elements that distinguishes surface micromachining from normal microfabrication processing is the use of a sacrificial layer underneath a structural layer. After removing the sacrificial layer, but without introducing tensile stress, an air-gap remains that allows a structural layer to be suspended. At present, since suspended structures are not normally associated with screen printing, pastes specifically made to act as a sacrificial material are not currently available. To this end, a suitable paste had to be first investigated. The material should be printable, non-reactive with other materials, rigid enough to support subsequent layers and easy to remove. Experiments with various materials were performed, with varying degrees of success. However, a registration ink was found to meet all the requirements. In principle, this carbon paste can be burnt off as pure CO 2 , during the firing stage.
A 96% purity Al 2 O 3 substrate was used, onto which a layer of Ferro Ag3350 low temperature silver paste was screen printed, to create the planar inductor. With the self-assembled inductors, two layers of 921 registration ink were first deposited. Metal mask screens were employed to avoid the surface patterning effects created by normal mesh screens. After the sacrificial layer was printed, it was dried in an oven to evaporate the excess solvents. This step is necessary to ensure the rigidity of the sacrificial layer for the upper structural layer. The silver conductor structural layer was then printed onto the hardened sacrificial layer. The sample was placed upside down and fired at 450 C in air, simultaneously burning off the carbon sacrificial layer. Tensile stresses within the conducting track where exploited during this final firing stage, to leave an out-of-plane self-assembled inductor. Fig. 1 shows optical micrographs of fabricated planar and self-assembled inductors having the same patterned dimensions. Results: The inductors were measured using an on-wafer measurement system, calibrated using a commercial Al 2 O 3 impedance standard substrate. The measured impedances for the planar (dotted line) and self-assembled (thick solid line) inductors are given on the normalised impedance unit-circle Smith chart, shown in Fig. 2 . The simulated performance of the self-assembled (thin solid line) inductor is also shown. The first self-resonant frequency increased from 3.50 to 4.35 GHz. From the measured impedances, the unloaded Q-factor can be extracted and this is shown in Fig. 3 . Here, it can be seen that the self-assembled inductor demonstrates a significantly higher unloaded Q-factor, increasing from approximately 16 to 26 at 1.4 GHz. 
Conclusion:
The fabrication and measured performance of a selfassembled microwave inductor, created using a simple screen-printing technology is reported for the first time. Here, real surface micromachining is performed using screen printing, by introducing a unique sacrificial layer. The self-assembled inductors demonstrated a significantly higher unloaded Q-factor, increasing from approximately 16 to 26 at 1.4 GHz. Moreover, the first self-resonant frequency increased from 3.50 to 4.35 GHz. These RF performance enhancements correspond to an increase of 63 and 24%, respectively.
